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Some of the best-characterized stem cell niches, or local microenvironments, are found in the Drosophila testis and ovary. The stem cells are easily identified at single-cell 
resolution with markers distinguishing them from their differentiating progeny, and they can be easily manipulated genetically.
The Drosophila Testis and Ovarian Niches
Drosophila testes are tube-like structures that are closed at one end (the apex). At the apex is a group of 10–15 nonmitotic somatic support cells called the hub. The hub produces 
signals that maintain two stem cell populations: germline stem cells (GSCs) and cyst stem cells (CySCs). There are ~10 GSCs per testis, each surrounded by two CySCs. GSC 
maintenance also requires signals from CySCs. GSCs and CySCs divide asymmetrically to give rise to daughters (gonialblasts and cysts cells, respectively) that are displaced 
from the hub and lose self-renewing capacity. Gonialblasts undergo four mitotic cycles with incomplete cytokinesis to produce 16-cell clusters of spermatogonia. Spermatogonia 
further differentiate into spermatocytes, which enter meiosis and form sperm. CySC daughters (cyst cells) exit the mitotic cycle but expand in size, encapsulating spermatogonia 
and spermatocytes throughout their development.
Ovaries are comprised of 16–18 ovarioles, each containing an anteriorly localized germarium followed by a series of differentiating egg chambers. At the anterior of the 
germarium is a stack of somatic terminal filament cells followed by 4–7 nonmitotic somatic cap cells at their base. The niche-generating cap cells support the self-renewal of 
2–3 GSCs per germarium. The GSCs and their progeny are intermingled with and supported by quiescent somatic escort cells. GSCs divide asymmetrically to give rise to GSC 
daughters (cystoblasts) that are displaced from the niche and differentiate. Cystoblasts undergo four rounds of mitosis to form 16 interconnected cystocytes. Only one cystocyte 
becomes an oocyte; the others form nurse cells that sustain oocyte development. The germarium has somatic stem cells, which do not share a niche with the GSCs. Instead, 
two somatic follicle stem cells (FSCs) are positioned posteriorly and opposite one another near the middle of the germarium, and their progeny (somatic follicle cells) envelop 
each 16-cell cyst after it forms.
Stem Cells Are Regulated by Local Signaling
In males, the hub cells secrete the ligand Unpaired (Upd), which activates the JAK/STAT signaling pathway in adjacent GSCs and CySCs. JAK/STAT pathway activation is 
required to maintain both GSCs and CySCs, albeit by different mechanisms. In CySCs, activation of STAT (and its targets targets zfh-1 and chinmo) is required and sufficient for 
CySC self-renewal. In contrast, activation of STAT in GSCs is required for adhesion to the hub but is not sufficient for self-renewal. Instead, GSC self-renewal depends on BMP 
signals from somatic cells. BMP ligands decapentaplegic (dpp) and glass bottom boat (gbb) expressed by the hub and CySCs activate signaling in the GSCs via the downstream 
effector Mad, which represses transcription of the differentiation factor bag of marbles (bam). This repression is alleviated in gonialblasts, which no longer receive BMP signaling 
and begin to differentiate. BMP activation within the germline is not sufficient to induce male GSC identity, suggesting that additional pathways may be involved.
In contrast, activation of the BMP pathway is sufficient for female GSC self-renewal, whereas JAK/STAT signaling is dispensable in these cells. Thus, the main self-renewal 
signal for female GSCs is BMP signaling. BMP ligands are expressed by the cap cells and activate the pathway in GSCs, repressing Bam as in males. Cystoblast daughters that 
are displaced from the niche turn on bam, which acts together with benign gonial cell neoplasm (bgcn) to initiate differentiation.
Stem Cells Adhere to Their Niche
In males, both GSCs and CySCs require E-cadherin-mediated adhesion to the hub for their maintenance. Furthermore, excess integrin expression in CySCs causes them to 
outcompete the GSCs from the niche. Integrin-mediated competition can result from loss of socs36E, an induced antagonist of JAK/STAT signaling, underscoring the importance 
of modulating signaling and adhesion levels in both stem cell populations to maintain the ratio of stem cells required for proper tissue physiology.
Similarly, female GSCs are maintained by adherens junctions to cap cells, and excess E-cadherin within GSCs confers a competitive advantage. FSC maintenance requires 
both E-cadherin and integrin.
Stem Cells Orient Their Divisions
Stem cells typically divide asymmetrically to give rise to a daughter cell that remains a stem cell (self-renewal) and a daughter cell that differentiates. Before dividing, male GSCs 
contain a single centrosome, which is tethered to the hub-GSC interface by cortical Adenomatous Polyposis Coli 2 (Apc2) tumor suppressor protein. After centrosome duplica-
tion, the daughter centrosome moves to the opposite end of the cell, while the older (mother) centrosome remains near the hub, such that during mitosis the division plane is 
oriented perpendicular to the hub. This ensures that one daughter remains attached to the hub while the other is displaced from the niche. CySCs also divide asymmetrically but 
employ a distinct mechanism: the mitotic spindle is randomly oriented and then is repositioned perpendicular to the hub during anaphase.
In ovaries, GSC spindles are oriented perpendicular to the cap cells. However, the female GSC spindle is anchored to the spectrosome, an ER-like germline-specific organelle 
that is located near adherens junctions between the GSC and cap cells. FSCs divide asymmetrically to give rise to follicle cell daughters that typically move distally with respect 
to the germarium to contribute to the developing egg chamber. Occasionally, an FSC daughter migrates laterally to replace a resident FSC. The spindle orientation in FSCs 
generating lateral versus distal-moving follicle cells is unknown.
Stem Cells Are Regulated by Epigenetic Mechanisms
Nine different ATP-dependent chromatin remodelers exist in Drosophila, which regulate chromatin structure and transcriptional activity. In the testis, the nucleosome remodel-
ing factor (NURF) complex, a member of the ISWI family of chromatin remodelers, is required for GSC and CySC maintenance but is not essential in their early differentiating 
daughters. NURF prevents premature loss of stem cells by promoting STAT expression and repressing Bam.
Chromatin remodelers also regulate female GSCs; both ISWI and NURF are required for the proliferation and self-renewal of GSCs in the ovary. In contrast, FSC maintenance 
does not require ISWI but does require Domino, the ATPase subunit of the INO80 family of chromatin remodelers.
Stem Cells Are Regulated by Systemic Signaling
The insulin signaling pathway, which originates from insulin-producing cells in the brain, directly regulates the maintenance and proliferation of both male and female GSCs. In 
the female, insulin also indirectly regulates GSCs by controlling cap cell number and GSC adhesion to the niche. The steroid hormone ecdysone also regulates female GSC self-
renewal and proliferation. Ecdysone interacts with chromatin remodelers ISWI and NURF and positively regulates BMP signaling in order to maintain GSCs. Whether ecdysone 
signaling plays a similar role in males is unknown.
Stem Cells Can Be Replenished after Loss to Ensure Tissue Homeostasis
The half-life of individual GSCs is ~2 weeks in males and 4–5 weeks in females. In males, replacement of lost GSCs can occur by dedifferentiation of spermatogonia. On rare 
occasions, GSCs misorient their centrosomes and divide symmetrically to produce two GSCs (symmetric division). More often, GSCs produce two GSCs when the intercon-
nected daughter cell that was initially displaced from the niche moves into the niche and establishes hub contact. In the ovary, GSC replacement occurs primarily through sym-
metric divisions through spindle misorientation, although dedifferentiation can occur upon tissue damage.994.e1 Cell 145, June 10, 2011 ©2011 Elsevier Inc. DOI 10.1016/j.cell.2011.05.037
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